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PROPOSAL FOR CEBAF HALL A, JUNE 1993

Study of p-n correlations in 3He and 4He
with the (e,e'd) reaction

The HALL A collaboration

Spokesperson: H. P. Blok (VU/NIKHEF, Amsterdr.m)

Abstract: The (e.e'd) reaction is an atiractive way to investigate proton-neutron correlations in
nuclei. We propose to study this reaction on 3He and “He at high values of the three-momentum
wransfer q, where some problems in the interpretation of the reaction encountered at low q-values are
expected to be reduced. The description of the (e,e'd) process in terms of direct deuteron knockout
will be checked with the 3He(e,e'd) reaction, for which exact three-body calculations are performed.
The 4He target offers the possibility to study both S=1, T=0 and S=0, T=1 correlations in a dense
nuclear system. For both nuclei a separation of in-plane structure functions will be performed in
order to enhance the sensitivity to different aspects of the reaction. The experiment will be performed
in hall A with the two-spectrometer setup. A high luminosity cryogenic He target will be used.
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1 Ingroduction

On the nocleon level the atomic nucleus is described as a system of nucleons interacting via two- (or
more) body forces. Except for very light systems one usually introduces a single-particle mean field
potential, which is the average of all interactions, plus the residual interaction. The mean-field
potental yields the single-particle structure of the nucleus, while the residual interaction gives rise to
correlations between nucleons. These play an important role in such processes as «-decay or ®-
absorption, but they also modify the single-particle structure. The mean-field part of the description
of the nucleus, as visible in the single-particle scmcﬁurc of the nucleus, has been investigated in quite
some detail by various reactions, especially lately by the (e.e'p) reaction [1], in which the one-hole
spectral function is measured. Knowledge about correlations in contrast is scarce. Correlations
manifest themselves indirectly through a reduction and spreading of single-particle (hole) suength.
Further increased swength of the spectral function at high momenta is expected, an effect that still has
to be verified experimentally [2).

Some information on correlations has come from two or more nucleon transfer reactions and
inockout reactions. However in many cases the results of such investigations are inconsistent. Most
probably this is due to the complicated reaction mechanism, which encompasses multi-step
processcs, optical-model potentials of composite particles, three-body final states (in knockout
reactions), etc.

Knockout reactions induced by high-energy electrons have some distinct advantages. The interaction
driving the knockout is known and weak, the incoming and outgoing electron waves can be
calculated (almost) exactly and in the final state the projectle (the electron) acts as a spectator. Hence
the best direct way to study nucleon-nucleod (NN) correlations in nuclei, where the free NN
interaction may be modified by the presence of otherjnucleons (.. through three-body forces), is
provided by the (¢.'2N) reaction. Unfortunately, even with high duty-factor beams such
experiments, especially in the case of the (e,e'pn) reaction, are not casily perforraed and the
obtainable energy resolution is at best a few MeV, while also the three-body character of the final
state poses some problems in the theoretical description of the reacuon.

Another way to probe p-n correlations is 1o use the (e,e'd) reaction. Experimentally the (e,e'd)
reaction is similar to the (¢,¢'p) reaction and it has two strongly interacting partictes in the final state
only. As will be briefly described in secton 2, in a direct }k:nock-out mode! the q-dependence of the
(¢,e'd) reaction reflects the (short-range) correlaton between the proton and neutron in the target
nucleus. An important question, though, is to what extent final-state interaction effects, like
(e,e'p)(p,d). which involve a strong-interaction vertex, invalidate a direct knock-out description.
However, it should be remarked that also the description of the (e,e'pn) reaction suffers from final-
state interaction and other uncertainties, like charge-exchange, A contributions etc. An experimental
study of such complicatons by ¢.g. separating different structure funcuons is much more difficult in

case of the (¢,e"2N) reaction than in the case of (¢,e'd). /
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For these reasons it is worthwhile to study the (e,e'd) reaction. This has been done in some detail for
reladvely low values of q on SLi, 12C and 4He at NIKHEF. As will be discussed in section 3 some
of the results seem contradictory. Since calculations for the mass-3 system indicate that this may
(partly) be the result of the low -values and the kinematics used, we propose to study the (e.e'd)
reaction at the much higher values of q attainable at CEBAF on targets of 3He and 4He. The virtue of
3He is that exact three-body calculations of the 3He(e,c'd) reaction can be performed (3,4).
Comparison of experimental darta taken under different kinematical conditions to the results of such
calculations will allow us to investigate the validity of a direct knockout description of the (e,e'd)
reaction. Subsequently we will use this knowledge to sm‘:ly 4He, which is a dense, tightly bound
nuclear system, where the effects of coJrrcIalions will be relau'vcfly large. The experimental energy
resolution is good enough to separate the 2H final state, which has S=1, T=0, from the breakup
continuum, which just above threshold is mainly of S=0, T=1 character, thus enabling a study of
spin-singlet correlarions (sce also section 3). Microscopic calculations for the two-nucleon spectral
function of 4He are available [5].

In the remainder of this proposal we will discuss the microscopic description of direct deuteron
knockout, the existing data and the proposed experiment, including count rate estimates.

> Formalism for direct d nodl

In a microscopic description of the (¢,¢'p) reaction, in which the reaction is described as resulting
from the interaction of the electron with separate protons (and neutrons) in the nucleus the T-matrix
element for the reaction A(e,e'd)A-2 in DWIA may be written as:

T = < ¢da(P) 2a(R) da-2 | Fp(quciarp | o4 >,

where the ¢'s are (internal) wave functions of the indicated nuclei and Xd 1s the d~(A-2) relative wave
functon as given, for instance, by an optical-model wave function. Further Fp(q) represents the
proton form factor. For clarity in this formula we have assumed only a charge interaction between the
electron and the nucleons in the nucleus and we haw:j neglected other FSI processes than elastic
scattering and global absorption. Note further that only the direct term is included, exchange terms
being left out as they are small in normal kinemarics.

By making an A — A-2 expansion an overlap function ¢(r1,r2) is obtained. Going over to relative
and center of mass coordinates of the p-n pair, the ovcrl*p function is written as

where for simplicity we have assumed A and A-2 to have spin/parity and isospin 0,.,0 and J®,T,
respectively. The wave functions ¢ and  describe the relative and ¢.m. motion of the p-n pair with
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orbital quantum numbers A and A, while S and T are its spin/isospin quantum numbers. Writing rp, =
R + p/2 one finds that T contains the factors

F@ =<¢q IFp(@) eaP? [ ¢p>  and  <xy(R) | iR | y(R) >,

In analogy to the (e,e'p) case the latter matrix element is seen to yield a (distorted) momentum
dismibution of the p-n pair relative to the A-2 nucleus, W(R) being the corresponding bound-state
wave function. |

The factor F(q) contains only the internal p-n variable, and its value depends on Pnp- 1.€.
on the relative wave function of the p-n pair in the parent nucleus i.e. on the (short-range)
correlations between the proton and the neutron. Some simple cases are;

(@) Pnp = 9a (extreme cluster model).

In this case F(q) = Fq(q), the form factor for scattering of an clectron from a free deuteron, and the
cross secuon for the (¢,e'd) reaction as a function of q will follow G.4(q). the free elastic electron-
deuteron cross section (quasi-elastic deateron knockout).

(b) Onp = ¢g' .
Here 'd' means that the quantum numbers S and T are the same as for the deuteron, but the radial

wave funcdon, €.g. its extension, may be different. As a result the q-dependence of the cross section
will be different from the free Geg (q).

() np =93, where d is an $=0, T=1 p-n pair like the just unbound singlet state of the deuteron. (In
this case the (e,e'd) reaction is not driven by the longitudinal (charge) part of the electromagnetic
current operator, but by its ransverse part). This is a rather interesting case as it allows to sudy
$=0, T=1 correlations. In fact one such an example has been studied [6).

Some remarks should be made on the treatment qf the final-state interaction. Presenty for 4He and
heavier nuclet this can be reated only within DWIA, where the outgoing d-(A-2) motion is described
by some distorted wave. A process like (e,¢'p)(p,d), which is not forbidden, is very hard to include
for these nuclei. (It should be mentioned that in the high-energy limit the (e,e'p)(p,d) cross section
depends on the same correlated wave function as the direct knockout process [7]). For 3He the
sitnation is different, as exact calculations for the final state are possible, which thus include all
possible FSI processes.

2 Existine d

The (e,¢'d) reaction has been studied at Saclay [8], NTKHEF [6, 9-12), and MIT [13]. The most
extensive data set was collected at NTKHEF on targets of 3He, SLi, 12C and *He. Globally the results
can be sumrnarized as follows:

1) The q-dependence of the cross section (after a correction for different FSI effects at the different q)
for 6Li(e,c'd)*He is very well described by the free Geq (), see fig. 1 (similar results were obtained

at Saclay[8]). These results indicate that the reaction can be described as direct deuteron knockout
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according t case a) of secdon 2; indeed the p-n pair in 6Li resembles very much a free deuteron.
Thus the SLi — a+d nuclear structure like the shape of the momentum dismribution and the q-d
clnster probability could be investigated and compared 1o the results of a-p-n three-body and cluster-
model calculatons {10].

2) A similar set of data has been collected on 3He [9). The g-dependence of the 3He(e,e'd) cross
secdons, measured at pm=60 McV/c, can satisfactorily be described in the momentum wansfer
interval studied: 350<q<450 MeV/c by a microscopic calculation by Lage: including single-
rescanering FSI and MEC (see fig. 2). Also the deuteron momentum distribution has been measured
up to 200 MeV/c at a fixed value of g=380 MeV/c. The data can within 25% be described by the full
calculation of Laget. The diagram that represents coupling of the virtual photon to a correlated pn-pair
1$ important to get a good description of the data. It should be mentioned that later calculations
including rescantering in all order (3] show that the latter is an important modification, although the
basic picture of a direct deuteron knockout process remains.

3) In the 12C(e,¢'d) 0B reaction the wransition to the 0+, T=1 state at 1.74 MeV was studied (6). The
purc transverse character of this transition (see fig. 3) and the q-dependence of the cross section
indicate that the transition is due to the direct knockout of an S=0, T=1 p-n pair, which through
interaction with the virmal photon makes a spin-isospin flip to an S=1, T=0 deuteron (inverse
deuteron electro-desintegration; case ¢) of section 2).

4) Mcasurements of the 4He(e,e'd) reaction have also been performed at NIKHEF-K {12]. The q-
dependence of the measured cross sections, shown in fig. 4, cannot be described by the free electron-
deuteron cross section. Results obtained at MIT/Bates for 12C(e,e'd) indicate a similar, even larger,
discrepancy at q2 = 19.5 fm2 [13]. At first glance this is not 100 surprising as the proton and neutron
are expected to be closer together in 4He than in a free deuteron (case b) of section 2). However, a
calculation due to Morita [5) using a realistlc variational 4He wave function, which includes various
rypes of comrelations, yields a slope that is only sl tly different from that of Gc4(q), as can be seen
in fig. 4. Correction for the non-orthogonality of u‘fh wavel functions in the entrance and exit channels
[14] improves the sitvation slightly, but the discrepancy remains. Also two-body currents are not
expected to solve the problem, as the data were taken in dominantly longitudinal kinemarics.

This is a puzzling siteation. On the one hand the results for 6Li and 12C and 10 a lesser extent the
limited set on 3He indicate that the reaction can be described as a direct knockout process; on the
other hand the data on 4He are not described with this assumption. It could well be possible that ¢.g.
an (e.e’p)p,d) process gives a large contribution to the 4He(e,e'd) cross section, but then it is not
clear at all why the effect of this is not visible in 6Li and especially not in 12C. In the latter case there
15 a priori no reason why an (e.c'pXp.d) process should lead to a purely transverse cross section.

A possibility that has to be investigated might be the following. The data for the q-dependence in the
4He case were taken in non-paraliel kinematics, whereas the other ones were taken in parallel
kinematics. Calculations by Van Meijgaard and Tjon (3] for 3He(e.e'p) indicate that in non-parallel
kinematics there arc relatively large effects of the interference structure function, which are not easily
described within DWIA. Furthermore their calculations suggest that all distortion effects are reduced
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at higher values of q. This has led us to propose a study of the (¢,¢'d) reaction on 3He and 4He ar the
high values of q available at CEBAF. At lower values of q a similar experiment will be performed at
NIKHEF {15].

By taking data in different kinematics the conrribudons of different structure functons can be
separated. The results on He can then be compared to exact calculations (such calculations are being
performed by Tjon ¢t al. and Gloeckle et al.) in order to study the various contributions to the cross
section. Using the acquired knowledge on the description of the reaction we will then study both the
4He(e,e'd)2H and the 4He(e,¢'d)pn breakup transition, which just above threshold is mainly of $=0,
T=1 character. The latter can experimentally be separated due to the good missing energy resolution
that can be obtained with the (e,e'd) reacton. (In this context it should be remarked that in practice
these two states can not be separated in a *He(e.e'pn) experiment).

4, Th E

We propose to take data both 3He and “He for values of q of 0.7, 1.0 and 1.3 GeV/c in (q,0)
constant kincmatics at two energies of the incident clectron in each case, so that a separation of the
Wy, + WrT, W and WLT stucture funcrions can be performed, The lowest q-value was chosen to
Jjoin smoothly the highest value attainable at NIKHEF (0.5 GFV/c), whil¢ the highest value is limited
by the count rates. However, the total range is large enough to probe a cormpletely unknown regime
in the p-n correlation. The envisaged range in py, is from 0 to 250 MeV/c, which covers the major
part of the momentum distribution, A suramary of the kinematics is given in table 1. Values for the
beam energy could be chosen (slightly) differently if needed.
Count rates were calculated based on the Qrcscnt design specifications of the Hall A specrometers:
AQ = 8 msr and Ap/p = 10%. Moreover, it is asfumed that a cryogenic He target of 100 mg/cm?2
thickness is available. According to the present ideas [16] such a target should be able to withstand
“up 10 200 pA electron current. For 3He(e,e'd) we have used the measured momentum diseribution
from ref. 17. For the YHe(e,e'd) cross sections we have used the calculated momentum distribution
of Schiavilla (18] scaled down by appropriate factors in order to include the effect of the final-state
interacton,
The single rates have also been investigated. Using the QFS code due to Lightbody and O'Connell
[19] we found electron rates of 104/sec or less, clearly not imposing any limits on our experiment.
The single rate in the hadron spectrometer is presumably dominated by the proton singles.
Calculations show that these rates do not exceed the 105/sec level. Since protons can be separated
from deuterons using standard E-dE techniques, the number of random coincidences entering the
analysis of our (e,e'd) data will be very low.
A summary of the estimated count rates is given in table 2, while the number of hours requested is
summarised in table 1. We have limited ourselves to kineméarics in which the count rate exceeds about
40/hr and have mried to collect in each kinematic more than 1000 counts unless this would lead to
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prohibitively long measuring dmes. Especially at the higher q-values we may be able to use a larger
target thickness provided the target can stand the high beam current. In fact the constraint on the
target thickness for 4He is that the missing-energy resolution remains below 2 MeV. If the luminosity
can be increased we can extend the ppy-range at the higher g-values with the same beam time,
According to table 1 the beamtime needed for the acrual measurements amounts to about 350 hrs. For
target thickness and other calibrations we estimate another 50 hrs, so that the total beamn time request
is 400 hrs.
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Table 1 Kinematics for the 3.4He(e,e'd) reaction

q[GeV/] | E(GeV] B¢ E 84(pm=0) | pm-range [MeV/c] | hrs 3He | hrs 4He
0.7 1.5 27.8 0.89 -64.1 -250(50)250 31 17
0.55 93.6 0.30 -34.7 -150(50)150 29 30
1.0 2.2 27.0 0.89 -61.0 -150(50)150 17 15
0.8 95.7 0.28 -31.6 -100(50 100 38 60
1.3 3.0 25.5 .90 -58.4 -100(50)100 21 52
i.1 91.2 0.30 -35.6 0 only 8 16

Table 2 Estimated count rates per hour for 3I,-Ic/4Hi:

q[GeVr) [E(GeV]]  pp=0 50 100 150 200 250
0.7 1.5__ | 72000/13000 |27000/9000] 7000/4500 |1300/2200] 270/900 | 602270
0.55 | 44007800 | 1650/550 | 440275 | 80140
1.0 2.2 | 900071650 | 330071100 | 900/s50 | 1657275
0.8 400/75 150/50 40/25
1.3 3.0 1000200 | 4007130 /] 100/65
1.1 40/1.5 1
Figure Captions

Fig. 1. The cross section for the reacnon 5Li(c.c'd) as a function of the momentum transfer,
compared 10 the quasi-elastic electron-deuteron cross seckion.

Fig. 2. The cross section for the reaction 3He(e.e'd) as a function of the momenwmm transfer,
compared to different calculations.

Fig. 3. Longitudinal-ransverse separation for the 12C(e,e'd)!'08 74Mmev transition.

Fig. 4. The cross section for the reaction 4He(e.e'd) as a function of the momentum transfer,
compared 10 a quasi-elastc and a full microscopic calculation.
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same momentum being dej:ected.] The lower initial momenta are more sensitive to
MEC and FSI, while the higher are sensitive to correlations. Combined measure-
ments in anti-parallel and symmetric configurations and theoretical input are thus
needed to unfold the va.ri?us mechanisms.

Using Laget’s code’[39], cross sections were calculated for various electron
beam energies and electton scattering angles, resulting in a range of energy and
momentum transfer, and initial proton momenta in the cm-system.

The high energy nucleons will be detected in HARP, which will be placed
at forward angles. This is done in order that the somewhat higher threshold of
HARP (60 MeV for neutrons and 100 MeV for protons) does not hamper the choice
of kinematics. For those kinematics in which the nucleons have kinetic energies
exceeding 800 MeV, we have the option to use the hadron (HRSH) spetrometer, if
the efficiency of HARP decreases too much. For all other cases, the HRSH will be
placed at backward angles and will detect low energy protons.

HARP has an efficiency of 3 %. This is not a hindrance for neutron detection,
since the np-channel has large cross sections. This efficiency applies as well to
protons, and its adverse effect is mostly negated by operating at a high luminosity.
The use of a dedicated proton detector sugh as the Hadron-IV device (developed and
built by the Vrij Universiteit and NIKH E‘ﬁ—lK in the Netherlands), is being evaluated
as a possible substitute for HARP, in connection to some pp-measurements. Hadron-
IV has a nominal solid angle of 500 msr, but it would be employed at a large distance
from the target, in order to cope with the high lumninosity, thus reducing the effective
solid angle to the order of 5 msr. The use of Hadron-1V depends on its performance
in a high luminosity environment, whichf will be established in the coming two years
at AmPS.

The chosen kinematics, cross sectlons and count rates are shown in table !
below, where the five-fold differential cross section is expressed in pb/(MeV /c)®/sr®.
The momentum acceptance of the electron and proton spectrometers was taken to
be Ap/p = 10 %, the luminosity was 2.25 x 10 cm™%s7!, and the detector solid
angles were (42): AQ.(8°) = 4.9 msr, AQ.(15°) = 7.9 msr, A, = 16.0 msr and
Auare = 50 msr. The luminosity of 2.25 »% 10%® em~?s~! corresponds to a beam
current of 150 zA on a high pressure SHe gas target of density 1.20 g/cm®.

3.1.2 Anti-parallel Kinematics

Following the absorption of the photon the two protons are ejected back to back (180°
apart) in the laboratory. This geometry has the advantage of minimizing final state
interactions between the ejected protons, since they leave in opposite directions.
This is the geometry in which the L/T separation will be carried out, since only the
longitudinal and the transverse response functions contribute to the cross section.
The longitudinal component is the most sensitive indicator of correlations. An
initial set of these kinematics are shown in table 2, which is being refined with the
aid of theoretical calculations, since their requirements are stringent and difficult to

21



HFE

TEI DT EZ OSEMT OBV GHU-PHCSIOT DERSETMENT Pz
Table 1: Count Rate Estimates for Symmetric Kinematics
E. w ql 0. i T; o, 0, d3a rate
GeV [ MeV | MeV/c MeV/c | MeV hr—*
2 200 565 1 16 436 86 {-11.91-111.1 { 0.0763 3022
2 300 375 7 544 146 | 36.3 | -103.4 | 4.0953 | 120195
4 400 1068 | 15 638 196 | -27.6 -93.8 1 0.0123 1429
4 500 109,7 15 723 246 1 -15.0 -96.3 1| 0.0099 1267
4 600 1189 | 16 802 1 206 | -9.9| -94.2 ) 0.0080 1100
4 700 820} 7 877 | 346 | 32.8| -90.8 | 0.1660 | 15257
4 800 9121 7 949 | 396 | 36.0 | -86.6 | 0.0698 6732
Table 2: Anti-Parallel Kinematics

E. w q| b e | 6cm 251 & P2

GeV | MeV | MeV/c MeV/c MeV/c

3.0 o00 1076 :13 0.91 01147597 | -27.10 | 399.80

3.0 180 | 399.80 | 152.90 | 1475.97

1.3 46 | 0.44 011475.80 | -16.48 | 400.18

1.3 180 | 400.18 | 163.52 | 1475.80

3.5 | 1200 1348 {12 ] 0.90 0]1798.16 | -21.55 | 450.05

3.5 180 | 450.05 | 159.46 | 179Y8.16

1.9 30| 0.58 01179818 | -15.46 450.01

1.9 180 450.01 | 164.54 | 1798.18

accomplish.

The cross sections for these kinernatics were obtained 1o two ways. For the
forward angle of each point, where the longitudinal component dominates, Laget’s
code was used. At the large electron angle, real photon data {9, 40] was suitably
manipulated to effectively yield the transverse component of the reaction in question.
This involved using the mass dependent empirical formula for estimating the (v, p)
cross sections together with the *Be(y, pn) and “Be(y, pp) angular correlation data
[40]. The resulting figures were checked against the *He(, p) results from reference
[9] and were found to be in agreement. :

3.2 The *He(e, e'np) Reaction

It is well known from pion and real photon absorption experiments, that the (e, e'np)
¢ross sections are about 10 to 20 times larger than the corresponding cross sections
of the pp-channel. The PW calculations of Laget and Tjon indicate precisely the
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Figure 15: A achematic representation of the geometry for HARP.

same fact, and the two codes agree to 3 level of 10 % on the np/pp ratio. Heuce,
since protons and neutrons will be detécted simultaneously, the desired statistical
precision is defined by the pp-channel.

3.3 Singles and Accidental Coincidence Rates

and the HRS? spectrometers fre in progress. A Monte Carlo physics event generator
(ENIGMA [41)) feeds the GEANT detector simulation package. No background
problems are anticipated due to the triple-coincidence between these three devices
and the inherent low-noise of HARP (which employs at least a four-fold internal
coincidence).

Detailed calculations of thefugles and accidental counting rates involving HARP

3.4 The HARP Neutron Polarimeter

3.4.1 Principle of Operation |

HARP operates on the recoil principle. Its design is based on AE ~ AE — E scintil-
lator detector telescopes and tracking devices (Multi Wire Proportional Chambers,
MWPC) placed around the converter, which contains liquid hydrogen (LHz). Eight
such telescopes and three MWPCs will he positioned at either side of the converter
(see Figures 15 and 16).

HARP can be used for protons as well, since they also scatter in the converter,
and both scattered and recoil protons can be subsequently detected. HARP can
detect both incoming protons and neutrons simultaneously by employing an “intel-
ligent” trigger, and a charged particle tagger between the target and the converter.
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Figure 16: A three-dimensional representation of HAILP. Atso visible 15 the boam pipe (stanted
cylinder) and the drop-down rear wall of surrounding shielding house).

Selected results of the simulationk serve to illustrate the expected performarnce
of HARP [43]. The efficiency is approximately 3 %, and remains roughly constant
as a function of the nucleon kinelic energy. The energy resolution (AT, T} is
modest (8 %), but it also remains relatively constant up to 800 MeV nucleon energy.
Simulations are underway to determine whether these properties change significantly
in the range from 800 to 1200 MeV. These characteristics are coupled to a very high
insensitivity to background, and hence the tolerance of a very high luminosity.

3.4.2 The Design of HARP

The design of HARP is described in detail elsewhere [44]. A trapezoidal shape has
been chosen for the LH; converter, of 3 c¢m height and 60 c¢m depth (along the
path of the neutron)., The front and rear sides are 80 cin wide and 150 cm wide,
respectively, yielding a large surface area. This sheet will contain about 25 liters
of LH;. A prototype vessel is under construction at NIKHEF-K and will be soon
tested together with the cryo-system.

The HARP detectors can be setyp in two orientations: the scintillator walls
being horizontal (U-D configuration), o vertical (L-R). The former will be employed
in this experiment since it offers the bximum solid angle of HARP, 50 msr. In this
configuration the minimum angle with respect to the beamline which can be reached
15 45°, For this angle, HARP can simultanecusly measure particles from 15° to 75°.

The E-counters will have a thickness of 20 ¢m, and can thus stop up to 175 MeV
perpendicularly impinging protons. The two AE detectors are 3 ram and 10 mm
thick, respectively. The AE;layers aliow for a secure proton identification down
te 18 MeV, and “tighten” the trigger level lor proton energies beyond 40 MeV. A
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charged particle tagger will bl: positioned in front of the converter, to discriminate
between incoming protons and neutrons, and will consist of two overlapping planes
of narrow plastic scintillator strips equipped with small photornultiplier tubes.

The detectors will be enclosed in a 6 ¢cm thick lead-steel house to be shielded
from background. The total weight for HARP is estimated at 25 tons which includes
a platform to allow for rotation around the target center-post.

3.4.3 The Ments of HARP

The recoil principle leads to a large background suppression by eliminating photons
and low energy neutrous, and it permits recoil detectors to operate at tnuch higher
luminosities than TOF detectors. This is partly a result of shielding the sensitive
detectors: they do not “look” directly at the target (which is also a source of un-
wanted background events) but are placed behind walls. In addition, the high-fold
coincidence required to detect the proton (four wire chamber planes and two scintil-
lators) further reduces the neutral background. Finally, measurements of the energy
and time variables of the detected particles are carried out independently. In this
manner, the two variables may be used to cross check each other, effectively com-
pressing the neutron TOF spectrum into a narrow peak, hence improving the § /N
ratio. HARP will thus operate at a much higher luminosity than other n-detector
system. This reduces the experimental beam time needed in order to obtain the re-
quired statistical precision, or conversely allows the measurement of processes with
much lower cross sections.

A final advantage of HARP is that it is relatively easy to calibrate with respect
to the efficiency of detection and of n-p conversion. This procedure involves the
determination of the wire chamber efficiency in a pairwise cyclic manner, while the
scintillators may be calibrated in sité with a reaction of known kinernatics and cross
section (e.g. via 'H(e,e'p) with the protpns detected in HARP). The PMT gain
will be continuously monitored with a flasher ADC/fiber aptic systemn, coupled to a
counter which is continuously referenced to an 24! Am source.

HARP will be commissioned at AmPS using an unpolarized electron heam in
mid-1994. Measurements on 2H targets will be performed, in which the electron
elastically scatters from the proton and respectively the neutron, and both the scat-
tered electron and the nucleon are detected. These measurements will serve to get
the instrument fully operational and will provide a check of the calibration proce-
dure. The device will be shipped to Hall-A as dictated by the physics interest of the
HARP and Hall-A collaborations and depending ou the experimental scheduling,

3.5 The Primary Target

Targets for this experiment and related experiments are being currently designed
and constructed. These designs call for cryogenic gas targets to be operated at a
high pressure. The design addresses the issues of the required high density to achieve
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Table 3: Beam Time Estimate for Symmetric Kinematics

E. w q rate | HRSH | HARP | Time
GeV | MeV | MeV/c hr=! | bins bins | hours
2 200 563 3022 2 5 110

2 300 375 | 120195 2 5 3

4 400 1068 1429 2 5 230

4 500 1097 1267 2 5 260

4 600 1189 1100 2 5 300

4 700 829 | 15257 2 5 20

4 800 912 6732 2 i) 50
Counting time | 973

luminosities of 10% cm~%s~!, the large amounts of heat deposited by the beam in
the target, the high energy densities at the interaction region due to the small size
of the beam spot, the containment of density fucutations due to beam heating and
minimizing the thickness of the target cell windows.

A preliminary design for a 3He cell specifies a minimum operating temperature
of 10 K and pressure of 70 atm. The corresponding target gas density is 80 mg/cm®.
For an effective cell length of 15 cm (perpendicular), luminosities of 10% can be
achieved for beam currents of 50-150 pA. For a cylindrical cell of 15 cm (physical)
length with spherical end caps, a wall thickness of 0.03 em of aluminum 7075-T6
is being incorporated in the current design. This design specifies that the target
cell be viewable by two spectrometers simultaneously (one on each side of the beam
pipe), over an angular range of 10° — 130° in the scattering plane and +10° out of
plane. The latter figure is more than sufficient as far as HARP is concerned, since
this device will have a +3° out of plane acceptance in its U-D configuration.

The bulk power dissipation in the target will be dealt with a L*He refrigerator
and a suitable beat exchanger. For the *He target cell, a maximum power dissipation
of 1.0 kW (for a 200 pA beam) is anticipated. To minimize density variations due
to local beam heating, it is necessary that the target gas flows past the beam.
Current preliminary designs specify a gas flow perpendicular to the beam direction,
at velocities as high as 30 m/s, assuming a tolerable density variation of no more than
20 % for a minimum beam spot size of 0.1 mm. Experience in other laboratories,
e.g. SLAC, indicates that such velocities can indeed be realized. For a 10 % density
variation, these velocities must be roughly doubled, though they can be reduced
substantially (by more than a factor of two) if the beam 1s defocused or rastered.
For example, it appears that it will be possible for the beam to be defocused to
1-2 mm (horizontally) which reduces the flow velocities by at least a factor of five.

The group from California State University is involved in the design of these
targets, in consultation with John Mark, a target specialist at SLAC.
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Tahle 4: Beam Time Fstimate for Anti-Parallel Kinematics

E. w q € rate | HRSH | HARP | Time

GeV | MeV | MeV/c hr=! | bins bins | hours
3.0 900 | 1076 [0.91 | 104 4 10 171
1.3 0.44 | 100 4 10 178
3.5 | 1200 | 1348 | 0.90 | 103 4 10 172
1.9 0.58 | 141 4 10 126
Counting time | 647

hle 5: tal Beam Time Estimate

hours

Symmetric kinernatics 973
Anti-Parallel kinemnatics (L/T) 647
Setup, calibration, angle changes 300
Total time 1920

3.6 Beam Time Estimate

We wish to observe the complete proton spectrum for each 10 % byte in the elec-
tron momentum of the HRSE spectrometer. Assuming 100 MeV/c bytes for the
symmetric case, the momentum range in the proton spectrometer can be covered
in 2 bins. In the L/T case (anti-parallel) a finer binning was taken to reflect the
higher accuracy desired in these measurements. HARP was binred in a similar man-
ner. Assuming a desired 1000 counts/bin, we arrive at the counting times shown
in tables 3 and 4. According to these calculations the amount of running time is
1620 hours. Adding 300 hours for setup time, testing, angle and energy changes, and
contingency briugs the total beam time request to 1920 hours (table 5). These num-
bers have been calculated assuming operation at a tuminosity of 2.25 x 103 em=?s~!
and a 3 % efficiency for HARP.
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